The interaction between human mannose-binding protein (MBP) and Mycobacterium avium was explored. By ELISA, calcium-dependent and mannan-inhibitable binding of human recombinant MBP (rMBP) to live M. avium was observed. Preincubation of M. avium with rMBP resulted in a 2-fold increase in uptake by human neutrophils. Mycobacterial cell wall components were assessed by ELISA for their ability to bind the carbohydrate recognition domain of rMBP. The best ligand was mannosyl-lipoarabinomannan, followed by lipomannan, phosphatidylinositol mannoside, arabinosyl-lipoarabinomannan, and dimycolated trehalose (cord factor). rMBP did not bind to partially purified lipid fractions containing glycopeptidolipids. These results are consistent with the known structural basis for rMBP ligand recognition. They suggest that MBP may play a role in host defense against M. avium by opsonizing both whole organisms and free cell wall components for internalization.
The mechanisms of host recognition for mycobacterial spe-MBP monomers (32 kDa) form a trimeric structural subunit, which in turn multimerizes into pentamers or hexamers of cies are still poorly understood. Since infections with Mycobacterium tuberculosis and Mycobacterium avium are of increasing Ç600 kDa [15, 16] that resemble C1q in overall structure. Recombinant MBP (rMBP) can activate the complement casimportance in immunocompromised patients [1 -3] , studies of innate resistance, capable of modulating mycobacterial infeccade via both the alternative [17] and classical pathways, although classical pathway activation now is attributed to an tion at the very early stages of infection, are of particular relevance. The studies reported here focus on mycobacterial MBP-associated serine protease capable of cleaving C1 detected in some preparations of MBP [18] . recognition by one such primary recognition molecule, human mannose-binding protein (MBP).
MBP is a pattern-recognition molecule that recognizes carbohydrate configurations on a wide variety of pathogens. Man-MBP belongs to a family of collagenous molecules, termed collectins, all of which are involved in innate pathogen recogninan-inhibitable binding of MBP to Salmonella montevideo, Streptococcus pneumoniae, Streptococcus agalactiae, Cryptotion. These oligomeric proteins contain a carboxy terminal carbohydrate recognition domain (CRD). In addition to serum coccus neoformans, human immunodeficiency virus gp120, and influenza A hemagglutinin has been described [17, 19 -22] . MBPs, the collectins include lung surfactant proteins (SP-A and SP-D), conglutinin, and a newly described bovine protein
Although not previously tested, mycobacteria contain a variety of cell wall lipoglycans and glycolipids that are potential litermed collectin-43 [4 -8] . The first complement component, C1q, and the macrophage scavenger receptor are two other gands for MBP, some of which are already shown to be ligands for the macrophage mannose receptor [23 -25] . We therefore collagen-containing proteins that also appear to play a role in host defense but do not have lectin-like domains [5, 9 -14] .
initiated studies on binding of MBP to M. avium and to mycobacterial cell wall (MCW) components. Since the structural Human MBP is composed of a short noncollagenous Nterminal segment followed by 19 collagen (Gly-X-Y) repeats. basis for carbohydrate recognition by MBP is now known [26 -31] , we could compare our results directly with predictions of The 130 carboxy terminal amino acids constitute the CRD.
which MCW components should be recognized by MBP. This approach should be generally applicable to analysis of hostparasite interactions with molecules of known structure.
I]rMBP binding to bacteria in the presence of 20 mM EDTA from its grown in glycerol alanine salt broth [34] [35, 36] , was grown in glycerol alanine salt broth for 1 week at 37ЊC with gentle cytosis assay was done as described [39] with minor modifications. In brief, mid-log phase M. avium serovar 1 strain 101 was washed agitation. S. montevideo (SH 5770; from P. H. Mäkelä, Central Public Health Laboratory, Helsinki) and Streptococcus pyogenes and vigorously stirred overnight in HBSS plus 50 mM CaCl 2 at 4ЊC to break up clumps of mycobacteria. Then organisms were (T1/195/2; from V. Fischetti, Rockefeller University, New York) were grown as described previously [17] . Bacteria were washed incubated in the same buffer with or without rMBP (10 mg/mL), or rMBP and mannan (2.5 mg/mL) for 1 h at 37ЊC. Bacteria were three times with Hanks' balanced salt solution (HBSS) containing 0.15 mM CaCl 2 and 1 mM MgCl 2 , then resuspended to 2 1 10 9 next washed three times in HBSS plus 0.15 mM CaCl 2 , 1 mM MgCl 2 , and 0.1% gelatin, and then resuspended at 5 1 10 7 cells/ bacteria/mL (optical density at 600 nm Å 2.00) in HBSS containing 50 mM CaCl 2 unless otherwise stated.
mL and added to 10 7 polymorphonuclear leukocytes in 1 mL of the same solution. The bacteria and phagocytes were gently rocked Reagents. Sepharose CL-6B, dextran T500, and prepacked PD10 columns were from Pharmacia (Piscataway, NJ), bovine at 37ЊC for 20 min, and thereafter unattached bacteria were removed by four washes and centrifugation at 82 g. Neutrophils serum albumin (BSA) was from United States Biochemicals (Cleveland), IodoBeads were from Pierce Chemical (Rockford, were adhered to coverslips for 10 min at 37ЊC, fixed by heating at 65ЊC overnight, and stained with auramine O (Remel, Windsor, IL), Na 125 I was from Amersham (Arlington Heights, IL), and gelatin was from Difco (Detroit). Mannose-Sepharose was prepared CT). MCW components. Mannosyl-lipoarabinomannan (ManLAM) by divinyl sulfone-coupling of D-mannose to Sepharose CL-6B, using minor modifications of earlier procedures [37] . rMBP and from M. tuberculosis H37Rv, AraLAM, and lipomannan (LM) from a rapidly growing Mycobacterium species, and phosphatidylnative MBP were produced as described in [38] . A murine monoclonal antibody, MAb3, with specificity for bound and free MBPs inositol mannoside (PIM) from M. tuberculosis Erdman were produced as previously described [40, 41] . Cord factor (dimycolated [38] , was conjugated to horseradish peroxidase and designated aMBP3-HRP. All other reagents were from Sigma (St. Louis) trehalose) from M. tuberculosis H37Rv was isolated as described [42] . Total lipid was isolated from M. avium, and mild alkaline unless otherwise stated.
ELISA. Microtitration plates (Immulon 2; Dynatech, Burlinghydrolysis of total lipid was performed as described [43] . The total lipid and deacylated lipid were fractionated by column ton, MA) were coated overnight at 4ЊC with live bacteria resuspended at 2 1 10 8 /mL (A 600 Å 0.2) in carbonate buffer (15 mM chromatography (Florisil Sep-Pak cartridge; Waters Chromatography, Milford, MA). The Sep-Pak was equilibrated with 5 mL of Na 2 CO 3 , 30 mM NaHCO 3 , 3 mM NaN 3 , pH 9.5) or with MCW components resuspended in the same buffer. The plates were CHCl 3 , and 100 mg of lipid in 0.5 mL of CHCl 3 was applied to the cartridge. The lipid was sequentially eluted with 5 mL each washed four times in PBS with 0.05% Tween 80 (Sigma), blocked with 5% BSA at 37ЊC for 1 h, and then washed and coated with of the following solvents: 100% CHCl 3 followed by 1%, 2%, 5%, 10%, 15%, 20%, 30%, 40%, and 50% CH 3 OH in CHCl 3 , and then rMBP in HBSS plus 50 mM CaCl 2 or with rMBP in HBSS plus 20 mM EDTA with or without competitor (mannan). After a 1-h with 100% CH 3 OH. Lipids from individual fractions were resolved by thin-layer chromatography (TLC), using aluminum-backed incubation at 37ЊC, plates were washed four times in PBS with 0.05% Tween 80, blocked with 5% BSA for 1 h at 37ЊC, and TLC plates (SilicaGel 60; EM Science, Gibbstown, NJ reached a plateau at Ç1 mg/mL rMBP. Binding was calcium- inhibited rMBP binding to organisms in a dose-dependent fashmg/mL. This concentration was shown in preliminary experiments ion, reaching 80% inhibition at 400 mg/mL (figure 1B).
to be saturating under these conditions. After a 30-min incubation figure 3 ). When mycobacteria were preincubated with rMBP in the presence of mannan, the number of cell-associated organisms (3/100) and the percentage of neutrophils associated with mycobacteria (1.1%) declined below those of the control cells. This suggests that mannan may be inhibiting some process in addition to binding of MBP. These data indicate that MBP can opsonize M. avium by a complement-independent mechanism. Neutrophils bound either single organisms or clumps of mycobacteria (figure 4). The main effect of rMBP was to increase the percentage of neutrophils with attached organisms rather than the number of organisms per cell. That is, the average number of organisms per infected neutrophil was 2 -3 regardless of whether opsonized or nonopsonized mycobacteria were used, indicating that the effects of rMBP were not simply a consequence of bacterial aggregation. The relatively low percentage of neutrophils associated with M. avium and the low number of bacteria per cell, compared with those in other studies [20, 23, 24] , may be explained by the low bacteria-toneutrophil ratio used in our experiments (5:1). Alternatively, neutrophils may be relatively less efficient at attaching to bacteria than are monocytes and macrophages. Regardless, the difference between the association of M. avium with neutrophils in the presence and absence of rMBP was highly significant statistically and indicates that rMBP directly opsonizes the organism for cell interaction.
Binding of rMBP to M. avium GPL variants. The major component on the M. avium surface is GPL. [
125 I]rMBP binding pyogenes group A, which lacks mannose-rich surface ligands for MBP. At saturation, the amount of [ 125 I]rMBP binding to M. avium serovar 1 strain 101 was similar to the binding to S. montevideo and slightly higher than to M. avium serovar 2 strain SmO (figure 2). Binding to S. pyogenes was 5-to 9-fold of the rMBP (data not shown). Interaction of rMBP with total and deacylated lipid fractions from M. avium. M. avium serovar 1 total and deacylated lipids were fractionated by column chromatography (Florisil; Waters), and rMBP binding to these fractions was determined by ELISA. The total lipid of M. avium included apolar MCW components (i.e., apolar lipids, free fatty acids, GPLs, phospholipids, and PIMs). Polar MCW components, including Man-LAM, AraLAM, and LM, were not found in total lipid fractions. The PIMs eluted from the chromatography column over a broad range (5% -100% methanol) due to their negative charge (figure 5A). Binding of rMBP was also observed over this broad range of fractions, possibly indicating binding to PIMs.
To distinguish rMBP binding to PIMs or other components from binding to GPLs, the total lipid was deacylated by mild alkaline hydrolysis. This resulted in the selective deacylation of esterified lipids, including PIM, acylated trehalose, and the monomycolated and dimycolated trehalose; however, the Nlinked fatty acids of the GPLs were refractory to this deacylation and could still be detected by TLC. As opposed to the broad binding of MBP to native lipid, a peak in rMBP binding was observed to the deacylated lipid fractions 4 and 5 eluted from the chromatography column with 5% and 10% methanol, respectively (figure 5B). These fractions contained a majority of the free fatty acids. Although fraction 5 contained part of the GPLs, the majority of the GPLs eluted with 15% -30% methanol in fractions 6 -8, which did not bind rMBP. A TLC to the M. avium GPLs was assessed by the use of previously characterized M. avium GPL mutant strains [32] . The M. avium serovar 2 strain 2151 SmO, which expresses a full complement of GPLs, bound 4.6% { 1% (n Å 3) of [ 125 I]rMBP, which was significantly less (P õ .05) than either M. avium serovar 2 strain 2151 RgO, which produces only the lipopeptide portion Interaction of rMBP with purified MCW components. The most likely candidates for the cell surface binding of rMBP are the mannosylated lipoglycans, lipoarabinomannan, and LM, which populate the cellular envelope of all mycobacterial species [40, 44] . Two forms of LAM have been described, a mannose-capped version (ManLAM) that was originally defined in M. tuberculosis [41] and a version possessing terminal arabinose residues (AraLAM) that was isolated from a rapidly growing Mycobacterium species [35] . It is known that LAM produced by M. avium is of the mannose-capped form. Purified LAM, LM, PIM, and dimycolated trehalose were evaluated by ELISA for their ability to bind rMBP (figure 6). Initial experiments (figure 6A) showed that 10 mg/mL of ManLAM, AraLAM, LM, PIM, and dimycolated trehalose gave saturable ligand binding of rMBP to the plates. Although differential binding of MCW components to the plate is likely, given substantial differences in the structure and hydrophobicity of the molecules, the complete saturability of rMBP binding at MCW binding concentrations ú10 mg/mL argues strongly that the differences observed in figure 6B and C are not due primarily to binding of the ligand to the plate. rMBP binding to plate-bound ligand approached saturation at an MBP concentration of 100 -200 ng/mL (figure 6B); Man-LAM binding was the greatest and was not saturated at 0.5 mg/mL rMBP. In subsequent experiments, we used rMBP at a fixed concentration (150 ng/mL) chosen from the linear part of the ELISA curve. Under these conditions, M. tuberculosis ManLAM was the best MBP ligand, with LM and PIM exhibiting two times less MBP binding. AraLAM, as expected, bound significantly less MBP than did ManLAM. In addition, dimycolated trehalose, which does not contain mannose, binds significantly less rMBP than does PIM (figure 6C). These results indicated that the terminal mannose caps of ManLAM Given the myriad of immunologic responses that are either be interacting with free fatty acids or some undefined product triggered or inhibited in monocytes and macrophages by LAM [46 -48] , it will now be important to determine the influence in the fractions 4 and 5 eluted with 5% -10% methanol.
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04-04-97 09:43:05 jinfa UC: J Infect interaction is mediated via direct coordination between a calindicates that the subunits of the trimers recognize spatially distinct regions on the surface of the antigen, which provides cium ion and the equatorial 3 and 4 hydroxyl groups of the terminal mannose. Other hexoses with hydroxyl groups in a for high avidity [30, 31] . The arrangement of rat MBP-A trimers is similar to human DMBP, except that in rat MBP-A similar orientation to mannose, such as glucose and N-acetylglucosamine, are also ligands for MBP. In contrast, galactose crystals, the CRDs are oriented 53 Å apart [51] . Increase of avidity with multimerization possibly results in preferential and sialic acid, which are typically the penultimate and ultimate sugars of self-glycoproteins, lack affinity for MBP because the binding of higher order rMBP multimers to the bacterial surface, as observed in our experiments. orientation of OH groups is different [26 -28] . The structural predictions are entirely consistent with the observed ligand Our results complement recent data [23, 24] suggesting that the macrophage mannose receptor, with ligand requirements binding of MBP and substantially explain how MBP can recognize a wide range of cell walls of microorganisms and yet fail similar to those of MBP [52, 53] , mediates phagocytosis of virulent M. tuberculosis and M. avium. Polystyrene microspheres to recognize self-glycoproteins.
In addition, Sheriff et al. [30] have now determined that the coated with ManLAM bound 3-fold more to monocyte-derived macrophages than did microspheres coated with AraLAM, LM, trimeric structure of truncated MBP (DMBP), comprised of . Binding is markto the isolated macrophage mannose-fucose receptor could not be directly tested. In our experiments, the availability of soluble edly enhanced to short oligosaccharides containing two or three sugar residues [57] . This ''cluster effect'' with the mannose rMBP permitted a direct analysis of receptor-ligand interaction with a variety of MCW components.
receptor results from multivalent binding between tandemly repeated CRDs and adjacent sugars in the oligosaccharide. No Our findings argue for surface exposure of LAM on M. avium. This result is consistent with the binding of anti-LAM cluster effect is seen when MBP binds to short oligosaccharides [29] , given the geometry of the MBP-ligand interaction demonoclonal antibodies to live M. avium (unpublished observations). LAM was originally thought to be associated with the scribed above. Hence, the differences between our results and those for binding of MCW components to the mannose receptor mycobacterial cytoplasmic membrane, with extension of the polysaccharide moieties through the cell wall [54] . It was also
[25] are likely to be explained largely by the difference in spatial orientation of the CRDs when MBP and mannose recepproposed that GPLs produced a capsular-like structure that obscured other components of the cell wall, including LAM, tor are compared. All of the mannose-containing MCW components that from the surrounding environment [55, 56] . However, this model has recently been revised. The GPLs are now hypothewere tested bound rMBP. LM and PIM, which constitute the core of LAM (figure 7), bound rMBP equivalently to sized to form a fibrillar structure loosely associated with the cellular envelope, and LAM is thought to be anchored to the AraLAM. Therefore, addition of arabinan to the mannancontaining core of LM does not appear to block rMBP bindouter leaflet of the cell wall [56] . Such a model would allow for a large portion of LAM polysaccharides to be exposed and ing to core mannose residues. The substantial increase in rMBP binding to ManLAM, compared with AraLAM, LM, available for binding to MBP and other ligands or receptors. Whether GPLs can block access of rMBP to either LAM or or PIM, demonstrates that the terminal mannose residues of the arabinan chain are important sites for rMBP binding in other cell wall components, as suggested by our data with GPL mutants, remains to be determined. would be expected to be an MBP ligand; however, our results 15-9. showed minimal binding of rMBP to this cell wall component. In this study, the availability of purified, rMBP, a knowledge ability of purified ligands of known structure from M. avium
